Expressed sequence tags (ESTs) provide a valuable resource for the development of simple sequence repeat (SSR) or microsatellite markers. This study identified SSRs within ESTs from Nelumbo nucifera (lotus or sacred lotus), developed markers from them, and assessed the potential of those markers for diversity analysis. Within 2207 ESTs from N. nucifera downloaded from GenBank, 1483 unigenes (303 contigs and 1180 singletons) were identified. After eliminating for redundancy, 125 SSR-containing ESTs were derived, and 71 unique SSRs were detected with an average density of one SSR per 13.04 kb. Dinucleotide repeats were the dominant motif in N. nucifera, whereas the sequences AG/TC/GA/CT, AAG/ TTC/GAT/AGA, and AAAGCC were the most frequent of di-, tri-, and hexanucleotide motifs, respectively. The AG/TC (40.85%) and AAG (5.63%) motifs were predominant for the di-and trinucleotide repeats, respectively. Sixty-two SSRcontaining ESTs were suitable for primer design. From these sequences, 23 EST-SSR markers were developed and were applied to 39 cultivated varieties of N. nucifera, 10 accessions of wild N. nucifera, and 1 accession of Nelumbo lutea (American lotus). Genetic diversity and genetic relationships were examined by constructing unweighted pair-group method with arithmetic average dendrograms and principal coordinates analysis plots based on SSR polymorphisms. Results indicated genetic differentiation between cultivated and wild lotus and between seed lotus cultivars and rhizome lotus cultivars. These EST-SSR markers will be useful for further studies of the evolution and diversity of Nelumbo.
However, with the progress of genomics, bioinformatics methods have been proved as an alternative to traditional approaches because public databases can be mined for the development of SSRs (Kantety et al. 2002; Varshney et al. 2002; Kumpatla and Mukhopadhyay 2005) . In recent years, vast amounts of sequences from many genomes are available in the National Center for Biotechnology Information (NCBI) database, which has a dramatic increase in the number of expressed sequence tags (ESTs) (up to 5 June 2009; 61 954 894 ESTs in GenBank http://www.ncbi.nlm.nih.gov/dbEST/dbEST_ summary.html). EST-derived SSR markers (EST-SSRs), as an alternative to complement-existing genomic SSRs (anonymous SSRs), can be developed in silico by data mining of EST databases. This not only requires less time but also is cost effective. Moreover, EST-SSRs possess a number of intrinsic advantages over genomic SSRs. Two main advantages are attractive. First, EST-SSRs are more transferable across taxonomic boundaries because of the conserved DNA sequences in expressed regions of genome. Second, they are distributed and found in coding sequences and may be related with the function potential genes (Bouck and Vision 2007; Yu and Li 2008) . To date, EST-SSRs have been widely employed as powerful genetic markers for genotyping (Eujayl et al. 2002; Chabane et al. 2005) , genetic mapping (Cato et al. 2001; Varshney, Sigmund et al. 2005; Hisano et al. 2007; Luro et al. 2008) , population genetic analysis (Ellis and Burke 2007; Kim et al. 2008) , and phylogenetic studies (Stàgel et al. 2008) .
The genus Nelumbo comprises of 2 species, Nelumbo nucifera (lotus or sacred lotus) and Nelumbo lutea (American lotus). The former is found throughout Asia and Australia, and the latter is distributed mainly in eastern North America and northern South America.
Nelumbo nucifera is an aquatic perennial plant with economical and ecological importance. This species can be propagated both by sexual (seeds) and asexual (rhizomes) reproduction. Along with its ornamental value, N. nucifera is cultivated for food (be consumed for their seeds, rhizomes, leaves, and flowers) and Chinese traditional medicine.
Despite its widespread cultivation and economic importance, the N. nucifera genome has not been extensively investigated. So far, to our knowledge, only a limited number of dominant molecular markers have been used in diversity studies and include intersimple sequence repeat (ISSR) and random amplified polymorphic DNA (Xue et al. 2006; Guo et al. 2007; Han, Teng, Chang et al. 2007; Han, Teng, Zhong et al. 2007; Chen et al. 2008; . Although genomic SSRs, as codominant markers, have been developed for N. nucifera recently (Pan et al. 2007; Tian, Chen et al. 2008; Kubo et al. 2009 ), no studies have been reported on its genetic diversity using SSRs. It is therefore important to develop informative DNA markers to further progress our understanding on the genetics of lotus.
The aims of the present study were to exploit and characterize a set of EST-SSRs for N. nucifera in terms of frequency, informativeness, and transferability to related species (N. lutea) and to assess their potential for diversity analysis in the study of different N. nucifera varieties.
Materials and Methods

Data Mining for SSR Markers
A total of 2207 EST sequences from N. nucifera were downloaded from the GenBank database (NCBI, http:// www.ncbi.nlm.nih.gov/,22 February 2008) . In order to exclude redundant ESTs, this subset of EST sequences was analyzed and assembled using ContigExpress from Vector NTI advance 10.0 software (available from http:// download.invitrogen.com). The criteria for clustering were set using a minimum overlap of 40 bases between sequences.
To avoid pseudoclusters caused by unit-repeat regions or partially homologous sequences, sequences of each cluster was manually analyzed and verified using the Align subprogram from basic local alignment search tool (BLAST) (http://blast.ncbi.nlm.nih.gov/bl2seq/wblast2.cgi). To ensure the fidelity of the alignment, ESTs were further sorted into different contigs and singletons.
After sequence alignment, potential unigenes were obtained from the EST sequence set. The simple sequence repeat identification tool program (http:// www.gramene.org/db/searches/ssrtool) was used to search for SSRs within this unigene database. SSR sequences were generated on the basis of their number, motif repeats, and their location. The criteria for identifying SSRs for all possible combinations of core sequences were 7, 5, 4, 4, and 4 repeats for di-, tri-, tetra-, penta-, and hexanucleotides, respectively. One hundred and twenty-five EST-SSR sequences were obtained from the data set. From these SSR sequences, 71 were identified as unigenes, from which 62 unigene sequences with suitable flanking regions were selected for primer design.
Sequences containing vector contamination were eliminated using the BLAST subprogram VecScreen (http:// www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html), and the PCR primer pairs were designed using Primer3 software (http://fokker.wi.mit.edu/primer3/input.htm). To amplify DNA fragments containing SSRs, the optimal temperature range for annealing was set between 54 and 60°C to generate PCR products of 100-300 bp.
Plant Materials, Genomic DNA Extraction, and PCR A total of 49 N. nucifera accessions and one N. lutea accession were selected for our study. Thirty-nine cultivated and 10 wild lotus varieties of N. nucifera were collected from different lotus-growing regions. The 39 cultivated lotus varieties are prevalent and are found to spread throughout the Southeastern coastal and the central areas of China. Within the 10 wild lotus accessions, 3 were obtained from China and 7 were from other Asian countries that included Thailand (3), India (2), Japan (1), and Singapore (1) ( Table 1 ). In addition, one sample was collected from related species N. lutea. All of them were conserved by the Wuhan National Germplasm Repository for Aquatic Vegetables, Hubei, People's Republic of China. Each sample was planted by clonal propagation in an isolated protected pool to prevent from mixing and gene flow between different samples. The tender leaves obtained from each sample and genomic DNA was extracted from frozen young lotus leaf using the modified cetyltrimethylammonium bromide method as described by Doyle JJ and Doyle JL (1987) .
PCR amplifications were performed on an Eppendorf Mastercycler Gradient system (Eppendorf AG, Hamburg). Each 12.5-ll amplification mixture contained PCR buffer, 10-30 ng genomic DNA, 0.2 lm of each primer, 1.5 mM MgCl 2 , 250 lm each dNTP, and 0.5 U Taq polymerase (Tiangen Biotech, Beijing, China). The PCR amplification conditions were as follows: initial denaturation at 94°C for 5 min; 35 cycles of denaturation at 94°C for 40 s, annealing at 54-60°C for 30 s, and extension at 72°C for 40 s; and with a final elongation step at 72°C for 7 min. PCR products were resolved on 8% urea-denatured polyacrylamide sequencing gels and were run at 50 W for 60 min. Products were visualized using silver nitrate stain and allele sizes were compared with pBR322 DNA/Msp I markers (Tiangen Biotech).
Data Analysis
Forty-nine N. nucifera accessions were used for the evaluation of EST-SSRs and the further diversity analysis.
To assess the EST-SSR transferability, one N. lutea accession was tested.
The amplified bands of EST-SSRs were recorded as presence (1) or absence (0) and compiled into a binary matrix file that was utilized to calculate pairwise Jaccard's similarity coefficients. Based on the similarity matrix, an unweighted pair-group method with arithmetic average (UPGMA) dendrogram was built. To measure the goodness of fit for cluster analysis, the correlation (r) was calculated by the Mantel test between genetic similarity and the matrix upon which the clustering information was based upon (Mantel 1967) . Different levels of the correlation can be interpreted subjectively (very good fit, r !0.9; good fit, 0.9 . r !0.8; poor fit, 0.8 . r !0.7). Principal coordinates analysis (PCoA) was employed to show the multidimensional relationships between accessions. All the above analyses were performed with the NTSYS software package v2.1 (Rohlf 2000) .
The polymorphic information content (PIC) was used to estimate the informativeness of a given DNA marker, and the final formula was calculated as described by Botstein et al. (1980) .
Results
Identification of EST-derived SSRs in N. nucifera
A collection of 2207 ESTs of N. nucifera that were available in NCBI databases was included in the present study. The ESTs were clustered and assembled, resulting in the identification of 1483 unigenes (303 contigs and 1180 singletons) from a total length of 925.863 kb. After redundancy elimination, 71 unique SSRs from these unigenes were derived with an average density of one SSR per 13.04 kb (Table 2) .
On the basis of repeat motifs and repeat numbers, the properties of the 71 EST-SSR loci were classified and summarized in Table 3 . The frequency of repeat motifs is unevenly distributed and consists of 33 (46.48%) dinucleotide, 24 (33.80%) trinucleotide, 6 (8.45%) tetranucleotide, and 8 (11.27%) hexanucleotide SSRs. The EST-SSRs of N. nucifera were mainly composed of dinucleotide and trinucleotide repeats. AG/TC (40.85%) and AAG (5.63%) were the dominant type for the di-and trinucleotide repeats, respectively, whereas the motifs AG/TC/GA/CT, AAG/ TTC/GAT/AGA, and AAAGCC were the most frequently observed motifs of di-, tri-, and hexanucleotide EST-SSRs, respectively.
In order to identify gene or protein similarity of known function, these EST sequences were compared with databases of Arabidopsis. A total of 71 unique EST sequences were used as our nucleotide BLAST query, and the analysis results were summarized in Appendix A (23 SSR markers) and Appendix B (48 SSR-containing ESTs). Eight (34.78%) of these markers were identified as conserved orthologs. 
EST-SSR Assays and Their Informativeness
In total, within the 71 SSR unigene sequences, 62 were amenable for primer design. Primers designed for these markers included 26 di-, 26 tri-, 3 tetra-, and 7 hexanucleotide SSRs. Regarding the other 9 EST-SSR sequences, primer pairs were not designed due to unsuitable flanking sequences. Thus, primers amplifying nonredundant ESTSSRs were designed from about 2.81% of the initial number of database sequences. In 39 (62.90%) cases, PCR amplification with genomic DNA failed or was weakly amplified preventing further analysis. Failure of PCR amplification might be caused by a variety of reasons, such as the location of primers, sequence problems during primer synthesis, or the addition of different copies in homologous EST sequence (Nicot et al. 2004 ). Amplicons of expected size (100-300 bp) were obtained in the other 23 cases. From the 23 primer sets, 3 pairs (NNEST39, NNEST49, and NNEST58) were monomorphic among 49 N. nucifera accessions examined, whereas the other 20 primer pairs were found to be polymorphic.
As the degree of variability was different at each locus of the 20 polymorphic EST-SSRs, the number of alleles per locus ranged from 2 to 5 (NNEST61), with an average of 2.65 alleles. Two SSR loci were detected with 5 alleles (NNEST17 and NNEST61). The number of alleles at each locus was listed in Table 4 . The PCR product size ranged from 158 bp (NNEST61) to 346 bp (NNEST11). In general, the experimentally generated amplicon size was in agreement with the expected size. Exceptionally, NNEST11 and NNEST28 primers amplified products of at least 60 bp larger than the expected size; this was presumably due to the presence and contribution of small introns (Nicot et al. 2004 ). The greatest variation in amplicon size (195-243 bp) was obtained by the NNEST53 primer pair.
The PIC value was calculated for each of the 20 polymorphic EST-SSR markers for the 49 N. nucifera accessions used in this study. The PIC values ranged from 0.02 to 0.61. NNEST61 had the highest PIC value (0.61), whereas NNEST12 and NNEST53 shared the lowest PIC value (0.02). The mean PIC value was 0.33 ± 0.17, indicating a moderate level of informativeness within these EST-SSR loci.
Cross-species Amplification of EST-SSR Markers
In order to determine the potential for interspecific transferability, the developed 23 EST-SSR markers of N. nucifera were tested by cross-species amplification on the related species, N. lutea. Using a single American lotus accession, 20 out of 23 primer pairs (NNEST1, NNEST2, NNEST3, NNEST6, NEST8, NNEST11, NNEST12, NNEST17, NNEST19, NNEST22, NNEST28, NNEST33, NNEST39, NNEST48, NNEST49, NNEST52, NNEST53, NNEST58, NNEST59, and NNEST61) successfully amplified PCR products in cross-species amplification, except that 3 primer pairs generated no products (NNEST25, NNEST26, and NNEST34).
Diversity Analysis and Genetic Relationship Revealed by EST-SSRs
The genetic diversity and genetic relationships of N. nucifera varieties were analyzed based on 20 EST-SSRs polymorphism. An UPGMA dendrogram of 49 N. nucifera varieties was obtained using Jaccard similarity coefficient (Figure 1) . A wide range of genetic similarity among these varieties was revealed with the similarity range from 0.34 to 1.00. Two pairs of N. nucifera cultivars (''Fanyu lotus '' and ''Sanshui lotus , [0] [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] '' and ''00-26 '') were found to cluster together at a similarity value of 1.00. The SSR-generated dendrogram was supported by Mantel statistics. Using the Mantel test, there was significant correlation (r 5 0.90) between the genetic similarity matrix obtained from the SSR markers and the matrix from which the clustering was based.
Further analysis of the UPGMA cluster did not show any significant genetic relationship with their geographic origin. Interestingly, relationships of most individuals were correlated with their lotus classification in breeding and agricultural production (seed lotus, rhizome lotus, and wild lotus). As shown in Figure 1 , 3 main groups were formed: Group I, Group II, and Group III. Group I contains almost all the lotus cultivars that were used as seed lotus, except 3 lotus varieties (''Chiang Mai wild lotus 
''[used as breeding lines], ''Guixi local lotus [Nn-10]'' [used as rhizome lotus], and ''Juluechi lotus [Nn-29]'' [used as breeding lines]).
Group II is composed of 8 wild lotus that served as breeding lines. Group III included most rhizome lotus cultivars, with the exceptions of ''Hunan seed lotus-1000 (Nn-21)'' (used as seed lotus) and ''Yufoshou (Nn-39)'' (used as breeding lines).
Then, by using PCoA, a scatter plot was generated to illustrate the genetic relationships between the members of 49 N. nucifera genotypes (Figure 2 ). The first 3 principal coordinates contributed to about 45.39% of the overall genetic variation, with each individual point contributing values of 27.74%, 11.51%, and 6.14%.
The second coordinate (horizontal axis) distinguished most of the cultivated varieties from the wild lotus, whereas the first second (ordinate axis) allowed the separation of most of the rhizome lotus and the seed lotus accessions.
Discussion
Identification, Frequency, and Distribution of EST-SSRs in N. nucifera EST databases have proved to be an important resource for genetic studies and a useful tool for genomic sequence analysis. Using bioinformatic analysis, EST databases can be screened for EST-SSRs, and this could then be exploited for further analysis of different plant species. For instance, development of EST-SSRs have been reported in many crops, such as soybean (Hisano et al. 2007) , potato (Feingold et al. 2005) , asparagus (Caruso et al. 2008) , sunflower (Heesacker et al. 2008) , Citrus species (Luro et al. 2008) , and cereals including rice (Gao et al. 2003) , wheat (Eujayl et al. 2002; Fu et al. 2006) , and barley (Chabane et al. 2005) .
The frequency and distribution of SSRs varied widely in these different studies. As early as 1994, a report showed that the observed frequency was 1 in every 21.2 kb of dicots and 1 in every 64.6 kb of monocots (Wang et al. 1994) . These years, with the subsequent launch of plant genome projects involving model species and agriculturally important crops, expressed DNA sequences of different species have stockpiled in the public database. Based on assessing EST databases of several cereals, the higher density of SSRs in EST sequences was observed with 1/7.5 kb in barley, 1/7.5 kb in maize, 1/6.2 kb in wheat, 1/5.5 kb in rye and sorghum, and 1/3.9 kb in rice. The overall average SSR frequency was 1/6.0 kb for these species (Varshney et al. 2002) . In another study, the frequency of EST-SSRs was found with 1/11.81 kb in rice, 1/17.42 kb in wheat, 1/23.80 kb in soybean, and 1/28.32 kb in maize (Gao et al. 2003) . The proportion of ESTs containing SSRs varies for different plant species. Generally, the overall frequency and the frequency of different lengths of SSRs and repeat motifs are limited by the criteria used to identify SSRs in the databases (Varshney, Garner, and Sorrells 2005) . A survey of more than 260 000 EST sequences from 5 different cereals (barley, maize, rice, sorghum, and wheat) was assessed for the abundance of SSR-containing ESTs (SSR-ESTs), which varied from 1.5% for maize to 4.7% for rice (Kantety et al. 2002) . Among 55 dicotyledonous species, this ratio ranged from 2.65% to 16.82% (Kumpatla and Mukhopadhyay 2005) . La Rota et al. (2005) , using minimum sequence lengths, reported the frequency of perfect and imperfect EST-SSRs to range from 1% to 50% in the unigenes of rice, wheat, and barley. In our study, 4.79% (71 unique SSRs) were identified from 1483 unigenes, which was identical to the range of SSR-ESTs for maize and rice, indicating that our results are consistent with abovementioned studies.
Trinucleotide repeats of EST-SSRs were observed as the most common motif in expressed sequences in many studies (Varshney, Garner, and Sorrells 2005) . Trinucleotide SSRs in ESTs are unlikely to cause frameshift mutations in coding regions, whereas nontriplet SSR types (mono-, di-, or tetranucleotide motifs) are likely to cause such frameshifts in coding DNA and changes in SSR length variation as these motifs are not divisible by 3 (Metzgar et al. 2000) .
However, the frequency and distribution of trinucleotide repeats as the dominant motifs have been reported in many plant species, including several cereals (La Rota et al. 2005) , cotton (Han et al. 2006) , and wheat (Peng and Lapitan 2005) . In some studies of animals, dinucleotide repeats have appeared to be the prominent type/motif detected as well (Wang et al. 2005; Yu and Li 2008) . In the present study, among the N. nucifera EST-SSRs, dinucleotide repeats (46.48%) was found to be the most abundant motifs followed by trinucleotide repeats (33.80%). Both sets of dinucleotide and trinucleotide repeats accounted for 80.28% of all N. nucifera EST-SSRs. AG/TC/GA/CT, AAG/TTC/ GAT/AGA, and AAAGCC were the most frequent units Figure 1 . UPGMA dendrogram. Analysis of the 49 Nelumbo nucifera genotype set, based on 53 EST-SSR alleles. Sample codes are described in Table 1. for di-, tri-, and hexanucleotide motifs of N. nucifera, respectively. In addition, only 2 types of dinucleotide motifs were recovered (AG and AT motif) in N. nucifera. Notably, the di AG/TC motif was the dominant type (40.85%) in N. nucifera, and the same phenomenon has been found in the genomes of other plants (Lagercrantz et al. 1993; Kumpatla and Mukhopadhyay 2005) . The reason may be that the AG/ CT motif is the most abundant dinucleotide motif, and this was presumed to be the cause for the high incidence of Ala (AGA) and Leu (GAG) amino acid composition (8% and 10%, respectively) (Kantety et al. 2002) . This repeat type contributed to 40.85% of the N. nucifera EST-SSR motifs. Twelve possible trinucleotide repeats with the class AAG/ CTT motif were found in N. nucifera, and the AAG/CTT type was the predominant motif observed within16 dicotyledonous species (Kumpatla and Mukhopadhyay 2005) . Pentanucleotides were not detected in N. nucifera, whereas only a small number of tetranucleotides and hexanucleotides were observed in our study (Table 3) .
SSR Assays and Their Informativeness
Using 62 primer pairs, 23 EST-SSR markers were isolated and characterized across the 49 N. nucifera accessions used in this study. EST-SSRs are usually thought to be less polymorphic than genomic SSRs because of locating within gene sequences (Ellis and Burke 2007) . Our data supported this. Twenty (87%) out of 23 SSR markers showed polymorphic traits. The range of the number of alleles per locus developed in this study (20 EST-SSR loci) was from 2 to 5. Similar results were reported in genomic SSRs of N. nucifera with this range from 2 to 5 (Kubo et al. 2009 ) and from 2 to 7 (Tian, Chen et al. 2008) . Nevertheless, regarding a total of 53 alleles being detected, the mean number of alleles of all the 20 EST-SSR loci (2.65) was lower than that of genomic SSR loci (3.88, Tian, Chen et al. 2008 and 3.9, Kubo et al. 2009 ).
Based on these gene-based SSR markers in our study, the allelic size variation between the maximum allele (346 bp in NNEST11) and the minimum allele (158 bp in NNEST61) was 288 bp, which was higher than the allelic size range reported (minimum 123 bp to maximum 287 bp) (Tian, Chen et al. 2008 ) (minimum 98 bp to maximum 287 bp) (Kubo et al. 2009 ) for genomic SSR markers. This implies that genetic variation in SSRs of N. nucifera occurs more frequently at the gene than at the genome level. As for each EST-SSR locus, the greatest variation in amplicon size was detected by using NNEST53 primers (195-243 bp) , with an allelic size variation of 48 bp. Most of the amplicons produced experimental sizes that were in agreement with expected size. However, in some exceptional cases, the amplicon size was either smaller or larger than the expected product size. The product size increase was presumably due to the amplification of a small intron (Nicot et al. 2004) . In the present study, we also observed that the amplicons of NNEST11 and NNEST28 primer sets generated PCR products that were at least 60 bp larger than the expected size.
The PIC value of each SSR locus was determined by both the number of alleles and their frequency distribution within a population and was used to assess their informativeness level (high, PIC . 0.5; moderate, 0.5 . PIC . 0.25; low, PIC , 0.25) (Botstein et al. 1980 ). In our study, these lotus EST-SSR markers indicated a moderate level of informativeness with the mean PIC value of 0.33 ± 0.17. In contrast to the genomic SSR markers (0.51) in N. nucifera reported by Kubo et al. (2009) , the informativeness of these EST-SSR markers (0.33 ± 0.17) were a little lower.
Application and Transferability of EST-SSR Primer Pairs
EST-SSR sequences are relatively conserved sequence regions in the genome, showing a higher transferability through cross-amplifications in related species than genomic SSRs (Varshney, Sigmund et al. 2005 ). The transferability of N. nucifera EST-SSRs was tested with one single N. lutea accession. As only one N. lutea accession was collected in our study, this limited any further analysis on cross-amplifications for this species. However, in the cross-amplification test, 20 of 23 polymorphic EST-SSRs successfully produced discernable amplicons (87%), except the rest 3 primer pairs without any products (NNEST25, NNEST26, and NNEST34) ( Table 4 ). This result showed that the 20 EST-SSRs will be transferable within Nelumbo.
Diversity Analysis and Genetic Relationship Revealed by EST-SSRs
To study the genetic variation within natural populations and among breeding lines is significant for conserving and exploiting genetic resources for crop improvement (Varshney, Garner, and Sorrells 2005) . Using ISSR markers, several reports demonstrated that genetic diversity of N. nucifera was low at the species level, which can be related to its reproduction system, prolonged usage of artificial selection, and by the ''bottleneck effect'' and the ''founder effect'' that occurred after the Ice Age (Xue et al. 2006; Chen et al. 2008; .
The application of SSR markers for diversity studies has limitations, caused by changes in allele size polymorphism through indel events and variations in the repeat number of SSR (Thiel et al. 2003) . However, evaluation of germplasm with SSRs derived from expression sequences can improve their role as genetic markers, although these sequences have a higher probability bias from natural selection (Varshney, Garner, and Sorrells 2005) .
In the present study, based on the Mantel test (a significant correlation, r 5 0.90), these EST-SSR markers form a close fit for cluster analysis.
Moreover, on both of the UPGMA and PCoA analysis, genetic differentiation has been revealed between seed lotus cultivars (mainly clustered into Group I) and rhizome lotus cultivars (mainly clustered into Group II), although a few samples of exception were clustered (Figures 1 and  2) . Wild lotus accessions classified in Group III are distinct from lotus cultivars Group I and Group II, indicating that lotus cultivars and wild lotus accessions may be experiencing different divergence patterns, which maybe due to advances in modern agriculture and changes in environment.
It is interesting to note that the genetic relationships between the 49 lotus varieties revealed by genetic similarity at SSR level, which are generally in agreement with their role in agricultural production and breeding. Sacred lotus has been divided into 3 categories according to its characteristics and use in agriculture: flower lotus, rhizome lotus, and seed lotus (Nguyen 2001; . Although this classification is convenient for production and breeding, sacred lotus is not a natural evolutionary entity because the seed and rhizome lotus are selected from multiple sources and are closely related to the flower lotus group . Despite this, our results indicated that genetic differentiation occurred between seed lotus cultivars and rhizome lotus cultivars, as well as between the cultivated and wild lotus varieties. Two main factors may attribute to this. First, EST-SSRs are derived from expressed gene sequences that are conserved regions in genome. Cultivars of the same lotus type, which were identified by the similar characteristics, may share similar gene sequences. So, individuals of the same lotus type were grouped together. Second, artificial selection plays a significant role in the domestication and cultivation of sacred lotus. Wild lotus individuals with quality seeds or rhizomes were selected and used for farming. Then, genetic differentiation gradually occurred between cultivated lotus varieties and wild lotus varieties. In addition, within cultivated lotus varieties, seed lotus and rhizome lotus are classified by its good agronomic characters of highyielding seeds or high-quality rhizomes, causing lotus varieties of the same lotus type (seed lotus or rhizome lotus) may have similar genetic background. In some cases, several lotus accessions from different lotus types were observed to be interspersed into each other, probably due to selecting from multiple sources in the process of domestication.
In conclusion, a set of functional SSR markers of N. nucifera was developed by (in silico) data mining from EST sequences in public databases. The mined EST-SSRs were then used to estimate the genetic diversity and relationships of lotus germplasm accessions. The location of such gene-based sequences could be employed to evaluate functional diversity in populations or germplasm collections (Stàgel et al. 2008) . Most of the EST-SSR markers of lotus designed in this study can be applied to plant-related species. Despite the potential limitations caused by homoplasy and allele mimicry, the currently designed EST-SSR markers will be a useful tool for our future comparative mapping and population genetics studies. 
